Objective: To analyse the longitudinal changes in the thickness of the central macula and retinal nerve fibre layer (RNFL) in patients with hypertensive retinopathy (HTNR) using spectral-domain optical coherence tomography (SD-OCT).
Introduction
Hypertension is a chronic disease with a high incidence. The World Health Organization has reported that hypertension affects more than 1 billion patients throughout the world, and the disease is estimated to cause 7 million deaths each year (World Health Organization 2002) . Hypertension has been reported to be an important risk factor for other cardiovascular disorders, such as cerebrovascular disease, coronary disease and cardiac failure (World Health Organization 2002) . Hypertension elevates the systemic arterial pressure and peripheral vascular resistance and triggers microvascular changes in the heart, brain and eyes that result in target organ damage.
These microvascular changes can be detected in the eye. In patients with severe hypertension with persistent high levels of both systolic and diastolic blood pressures over a period ranging from several weeks to months, evidence of fundus changes is clearly visible. Hyreh et al. classified fundus changes secondary to severe hypertension into three categories: HTNR, hypertensive choroidopathy and hypertensive optic neuropathy (Hayreh et al. 1986a,b,c) causes microvascular changes in the retina due to abnormal elevation of arterial pressure; over time, arteriolar constriction and arteriosclerotic signs can occur. Signs other than changes in blood vessels of the fundus include retinal haemorrhages, cotton-wool spots and microaneurysms.
The retina is the only human tissue in which arteries and veins can be directly observed. Funduscopic examination can identify clinical signs via direct observation of the retina and its vessels. Furthermore, signs of retinal damage caused by hypertension can be observed before target organ damage starts to manifest clinical symptoms in hypertensive patients. Thus, the presence of hypertensive vascular changes in the retina and HTNR may be useful indicators for target organ damage in hypertensive patients, with important clinical implications (World Health Organization 2003; Williams et al. 2004 ).
There have been numerous studies of hypertension-induced retinal microvascular changes. von Hanno et al. (2014) reported that the elevation of mean arterial blood pressure was strongly (inversely) correlated with a reduced central retinal artery calibre and increased central retinal vein calibre. Another study reported a high correlation between hypertension and retinal microvascular calibre (Ikram et al. 2013) .
The recent introduction of SD-OCT has enabled clinicians to study a variety of ocular diseases, including HTNR. An SD-OCT-based study reported that higher average blood pressure and diastolic blood pressure are associated with an increase in the subfoveal choroidal thickness (Wei et al. 2013 ). An additional study reported localized RNFL defects after cotton-wool spots as a consequence of HTNR in the retina (Zhang et al. 2012) .
To our knowledge, few studies have examined the long-term changes of HTNR. The purpose of this study was therefore to assess the effects of hypertension on changes of the retinal thickness in patients with severe HTNR by analysing longitudinal changes in the thickness of the RNFL and central macula using SD-OCT, then comparing these values with those of normal eyes.
Patients and Methods

Study population
This was a prospective cohort study. The protocol was approved by the Institutional Review Board of Chungnam National University Hospital. All participants gave written informed consent, and the study adhered to the tenets of the Declaration of Helsinki.
We analysed consecutive patients who visited our retina clinic from January 2013 to June 2015 who were diagnosed with grade IV HTNR according to the Keith-Wagener-Barker (KWB) classification system. Two ophthalmologists (Y.J.J. and J.Y.K.) classified the patients according to four HTNR stages on the basis of retinal changes and evaluated optical coherence tomography (OCT) images. Patients diagnosed with grade IV HTNR by both ophthalmologists were enrolled. The patients were admitted for both intravenous injections (e.g., a calcium channel blocker: nicardipine or amlodipine) and oral medications (e.g., diuretics: hydrochlorothiazide, or idapamide; a calcium channel blocker: nicardipine; and/or an angiotensin II receptor antagonist:candesartan) and also received oral antihypertensive agents in some cases. Following such treatment, the elevated blood pressure levels returned to normal within a few weeks.
The medical histories of the patients were reviewed, and the following parameters were measured as follows: intra-ocular pressure (IOP) using noncontact tonometry, uncorrected visual acuity and best-corrected visual acuity (BCVA). We randomly chose one of the two eyes. All patients underwent a complete ophthalmic examination including slit lamp microscopy, fundus examination/photography and OCT scanning. Blood pressure was monitored at every clinic visit. Adults with eyes having no history of ocular disease or systemic diseases (e.g., hypertension, diabetes mellitus), BCVA (logMAR) <0.0, and normal ophthalmologic findings were enrolled as control subjects.
Exclusion criteria included a history of intra-ocular surgery or ocular trauma, the presence of a refractive power of >6.0 diopters (D) or axial length of >26.5 mm in high myopia, any disease that might increase intracranial pressure (such as an intracerebral neoplasm) ocular diseases (e.g., retinal disease, glaucoma, other ophthalmologic diseases) other than HTNR and poor OCT image quality (signal strength ≤5 reflecting high-level segmentation error). We excluded two patients due to decreased signal strength and one patient with severe segmentation error.
OCT measurement
An experienced examiner performed OCT measurements several times at each visit. Each subject underwent three Cirrus HD-OCT scanning sessions, with a macular 512 9 128 cube scan and an optic disc 200 9 200 cube scan at the time of diagnosis, and at 6 months and 12 months after diagnosis.
Macular thickness measurements corresponding to the Early Treatment of Diabetic Retinopathy Study (ETDRS) areas were examined in the analyses. ETDRS areas were defined by three concentric rings (central, inner and outer circles) centred on the fovea with diameters of 1, 3 and 6 mm, respectively, and with the two outer rings divided into quadrants by two intersecting orthogonal lines. The inner and outer circles were examined by subdividing into four quadrant sectors (superior, nasal, inferior and temporal) consisting of nine subfields (Fig. 1A) . RNFL thickness was evaluated as the average as well as in four quadrant sectors (superior, nasal, inferior and temporal), with an optic disc 200 9 200 cube scan pattern (Fig. 1B) .
At every clinic visit, macular thickness and volume and the RNFL thickness were compared between patients with HTNR and the control group. RNFL thickness and CMT measurements at 6 and 12 months of follow-up in the HTNR group were compared to those measured at the time of initial diagnosis to analyse longitudinal changes in RNFL and CMT thickness measurements.
Statistical analysis
All statistical analyses were performed using SPSS, version 18.0 for Windows (SPSS, Chicago, IL, USA). The RNFL thickness and CMT were compared between the two groups using the Mann-Whitney U test and Fisher's exact test according to the continuity of variables and sample sizes. Longitudinal changes in the RNFL thickness and CMT in patients with HTNR were also compared using ANOVA, a post hoc test (the Bonferroni test), and Wilcoxon's test. A p-value of <0.05 was considered statistically significant.
Results
A total of 18 eyes of 18 patients with HTNR (eight males, 10 females) were screened for enrolment in the study. The control group comprised 36 eyes of 36 patients. The mean age was 47.7 AE 8.7 years, and the mean IOP and spherical equivalent were 17.5 AE 3.4 mmHg and À0.4 AE 1.5 D, respectively. There were no significant differences in age, sex, IOP, BCVA, refractive error or follow-up period between the two groups. No patient in either group had any history of diabetes or prescription of prior antihypertensive medication. At the time of initial diagnosis, systolic and diastolic blood pressures in patients with HTNR (218.4 AE 21.0 and 125.1 AE 20.1 mmHg, respectively) were significantly higher than those in the control group. Following antihypertensive treatment, the elevated blood pressures returned to normal levels (Table 1) . In all eyes with HTNR, cotton-wool spots, flame-shaped retinal haemorrhages and hard exudates were observed at the time of initial diagnosis, but these findings completely disappeared during the follow-up period ( Fig. 2A and B) .
Macular thickness
At the time of initial diagnosis, the mean CMT and macular volume in the HTNR group were significantly greater than in the control group (291.9 AE 84.1 versus 255.9 AE 25.4 lm; 11.9 AE 1.6 versus 9.6 AE 0.2 mm 3 respectively; p < 0.05) ( Table 2) . Also, statistically significant thickening was observed in some of the eight retinal subfields (inner inferior, outer superior and outer nasal) in the HTNR group compared with the control group. However, the mean CMT did not significantly correlate with age, or systolic or diastolic blood pressure, in either the HTNR or the healthy group (all p > 0.05). The mean CMT and macular volume at the 12-month follow-up were significantly lower in the HTNR group than in the control group (233.8 AE 30.8 versus 256.3 AE 28.1 lm; 11.9 AE 1.6 versus 9.6 AE 0.2 mm 3 , respectively; all p < 0.05) ( Table 2 , Fig. 2B ). At the 6-and 12-month follow-ups, all CMT and macular volume measurements were significantly lower than at initial diagnosis (all p < 0.05) ( Table 3 , Fig. 3A ).
RNFL thickness
At the time of initial diagnosis, the average RNFL thickness in the HTNR group was greater than that in the control group (188.3 AE 88.8 versus 93.4 AE 7.8 lm, respectively). However, the average RNFL thickness did not correlate significantly with age, or systolic or diastolic blood pressure, in either the HTNR group or the healthy group (all p > 0.05). The RNFL thicknesses in the four quadrant sectors were significantly greater in the HTNR group than in the control group (p < 0.05) ( Table 4 , Fig. 2A ). The average RNFL thickness at 6 and 12 months of follow-up was lower in the HTNR group than in the control group (90.9 AE 7.1 versus 94.6 AE 7.8 lm and 77.4 AE 9.1 versus 94.1 AE 7.8 lm, respectively) ( Table 4 , Fig. 2B ). The difference in the RNFL thickness at 6 months of follow-up was not statistically significant between the two groups, but at 12 months of follow-up, the RNFL thickness was significantly lower in the HTNR group than in the control group. All RNFL thicknesses at 6 and 12 months of follow-up were significantly less than those observed at the initial diagnosis (both p < 0.001) ( Table 5 , Fig. 3B ).
Discussion
Hypertension is the fourth highest risk factor for all deaths worldwide and is responsible for elevating the systemic arterial pressure and peripheral vascular resistance and triggering microvascular disorders in the brain, heart, kidneys and eyes. Ocular diseases caused by hypertension include HTNR, choroidopathy and optic neuropathy (Hayreh et al. 1986a,b,c) . Hennis et al. (2003) and Girkin et al. (2004) reported that hypertension is closely associated with the incidence and progression of glaucoma in patients with normal-tension glaucoma and primary open-angle glaucoma. Hypertensive retinopathy (HTNR) is the most common disease characterized by signs of damage to the retina, accompanied by retinal haemorrhage, retinal oedema, cotton-wool spots, retinal lipid deposition and The normative macular distributions of normal Asian subjects; 1% fall within the pink band (outside the normal limits). Colour codes: 95% ≤ light yellow <99%; 5% ≤ green <95%; 1% ≤ yellow <5%. Some 1% of subjects fall within the red band (outside the normal limits). (bottom) The normative RNFL distributions of normal Asian subjects; 5% fall within the white band (outside the normal limits). Colour codes: 5% ≤ green <95%; 1% ≤ yellow <5%. Some 1% of subjects fall within the red band (outside the normal limits). Wei et al. (2013) reported that increased subfoveal choroidal thickness is associated with higher average diastolic blood pressure in patients with or without arterial pressure. These results were consistent with those of Tan et al. (2012) who showed that changes in choroidal thickness correlate with changes in systolic blood pressure. Ahn et al. (2014) reported that HTNR results in characteristic exudative retinal and choroidal changes and increased subfoveal choroidal thickness; also, the CMT of the HTNR group decreased over time. It was suggested that elevated blood pressure causes choroidal vascular hyperpermeability accompanied by plasma extravasation, thereby increasing choroidal volume (Hayreh et al. 1986d; . However, HTNR has in fact been documented in only a few studies. Retinal microvascular changes caused by hypertension are affected by the severity and duration of hypertension and age, with constriction or hardening of the retinal arteries. Two large prospective studies, the Atherosclerosis Risk in Communities Study and the Cardiovascular Health Study, reported that reduced retinal arteriolar diameters are significantly related to hypertension, but venular diameters are not significantly affected by hypertension (Wong et al. 2002a,b) . Also, some studies found that cotton-wool spots caused by retinal microvascular changes triggered permanent reductions in RNFL thickness (Alencar et al. 2007; Chui et al. 2009; Gomez et al. 2009; Koh et al. 2010) . We, therefore, hypothesize that these microvascular abnormalities likely affect retinal thickness in patients with severe hypertension.
At the time of initial diagnosis, the mean CMT and RNFL thicknesses in the HTNR group were significantly greater than those of the control group. We are of the view that this is explained by the macular and optic disc oedema induced by abnormally elevated blood pressure. The mean thicknesses of the RNFL and central macula in the HTNR group were 77.4 AE 9.1 and 233.8 AE 30.8 lm at 12-month of follow-up, respectively. These values were statistically significantly lower than those of the control group (all p < 0.05) (Tables 2 and 4 ). Also, the macular volume at the 12-month followup was significantly lower in the HTNR than in the control group (p < 0.05, Table 2 ). On the other hand, the temporal RNFL did not become thinner than that of the control group. We are of the view that this is explained by the fact that the papillomacular bundle is present in this region, which is thus less vulnerable to vasculopathy triggered by hypertension (Pavlidis et al. 2006; Rao et al. 2015) . Further study is required.
Regarding longitudinal changes in patients with HTNR, the RNFL thickness and CMT gradually and statistically significantly decreased with time (both p < 0.05) (Fig. 3) . It is possible that masked permanent structural changes associated with retinal ischaemia may have occurred after optic disc oedema and retinal swelling decreased. Gomez et al. (2009) analysed the longterm changes in patients with cottonwool spots in localized ischaemic lesions and reported that after resolution of cotton-wool spots, there was significant thinning of the inner and middle retinal layers, including the RNFL. Koh et al. (2010) reported localized RNFL defects after the appearance of retinal cottonwool spots caused by terminal arteriolar or venular abnormalities. In our study, we observed a reduced RNFL thickness and CMT in patients with HTNR at 1 year of follow-up. This suggests that unlike RNFL defects associated with lamina cribrosa and posterior scleral foramen in patients with primary openangle glaucoma, the thinning of the RNFL and central macula in patients with HTNR may be due to structural changes caused by retinal circulation disorders associated with hypertensioninduced retinal microvascular changes.
As blood pressure climbs rapidly in patients with HTNR, fundus examination often reveals retinal haemorrhage, cotton-wool spots and hard exudates. However, after the blood pressure returns to normal, such retinal changes disappear and the funduscopic finding become normalized. As most patients diagnosed with hypertension (including malignant hypertension) do not have any visual symptoms during the acute hypertensive period, they rarely undergo ophthalmic examinations in the early stage of disease. Therefore, after the blood pressure is stabilized, it is difficult to conclude that HTNR per se caused the RNFL thinning adventitiously discovered during ophthalmic examination. In this study, statistically significant reductions in both macular and RNFL thickness were evident 1 year after the disappearance of the retinal changes evident during the early period of elevated blood pressure. Clinicians may therefore need to consider not only high IOP-induced glaucomatous changes but also hypertension-induced changes in retinal circulation disorders as a cause of RNFL defects in patients with hypertension. Furthermore, it is important to consider the effect of hypertension when measuring RNFL and CMT in patients with various ocular disorders.
Our study had some limitations. First, the study included a relatively small number of patients overall. The HTNR group was smaller than the control group; this imbalance may have introduced errors. Second, the study only included a relatively small number of patients with KWB grade IV, so there was a limitation in the ability to determine the reduction in RNFL thickness and CMT in patients with mild HTNR. Further long-term studies are needed to investigate longitudinal changes in the RNFL thickness and CMT in a larger number of patients.
In conclusion, our data suggest that although the RNFL thickness and CMT at the time of initial diagnosis increased due to optic disc oedema and retinal swelling in patients with severe HTNR, decreases of retinal thicknesses occurred over time. The RNFL thickness and CMT were significantly thinner in the patients with HTNR than in the normal control group. The impact of retinal changes associated with systemic disease such as hypertension should therefore be considered when characterizing the thickness of the RNFL and central macula in ocular disorders, including retina, glaucoma and neuro-ophthalmologic diseases.
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